Introduction
============

Lung cancer, the most common type of cancer worldwide, and non-small cell lung cancer (NSCLC), is the primary subtype, accounting for 80% of all new lung cancer cases ([@b1-ijo-54-02-0431],[@b2-ijo-54-02-0431]). Despite current advances in chemotherapy and molecular targeted therapy, the 5-year survival rate of patients with NSCLC remains \<15%. Resistance to therapies in lung cancer is closely associated with the dysregulation of oncogenes or tumor suppressor genes, all of which involve changes in the biological characteristics of cancer cells, cell growth, apoptosis, migration, invasion, etc ([@b3-ijo-54-02-0431]). Although cisplatin (Cis) has long been a cornerstone agent in anticancer chemotherapy ([@b4-ijo-54-02-0431]), many cancer cells, including lung cancer, may develop and acquire the resistance to Cis, and other cancers are naturally resistance to this drug, which is an obstacle to successful chemotherapy ([@b5-ijo-54-02-0431]). Furthermore, Cis cytotoxicity, such as nephrotoxicity and neurotoxicity, is a common side-effect of Cis ([@b6-ijo-54-02-0431]). Therefore, novel therapeutic strategies for lung malignancies using combined agents with distinct molecular mechanisms are considered more promising for the enhanced therapeutic efficacy to improve the survival rate.

Human pentraxin-3 (PTX3) is a multimeric glycoprotein with eight subunits that comprise 381 amino acids ([@b7-ijo-54-02-0431]). Among the different species, the primary sequence of PTX3 is highly conserved, sharing 92% of consensus amino acid residues between human and murine sequences, indicating strong evolutionary pressure to maintain its function/structure relationships ([@b8-ijo-54-02-0431]). Human pentraxin-3 family is divided into long and short subfamilies. Similar to other members of the long pentraxin subfamily, PTX3 is constructed of a distinctive C-terminal domain, and N-terminal region with homology to short pentraxin, C-reactive protein (CRP) and serum amyloid P component (SAP) ([@b9-ijo-54-02-0431],[@b10-ijo-54-02-0431]). PTX3 is involved in the inflammatory process. The increased PTX3 was reported in chronic kidney diseases, endotoxin shock, sepsis and vasculitis ([@b11-ijo-54-02-0431]). Furthermore, the level of PTX3 reflects the severity of inflammation. It is considered that tumorigenesis is an inflammation-related disease. An elevated PTX3 expression is noted in glioma, liposarcoma, prostate cancer, lung cancer and breast cancer ([@b12-ijo-54-02-0431]-[@b16-ijo-54-02-0431]). It is closely associated with cell proliferation, metastasis, pathological grading and drug sensitivity ([@b13-ijo-54-02-0431],[@b17-ijo-54-02-0431],[@b18-ijo-54-02-0431]).

The glycosylation of proteins is an important post-translational modification, and the resulting glycoproteins participate in a number of key biological processes, including cell growth, differentiation and immune modulation, etc ([@b19-ijo-54-02-0431]). Altered glycosylation has been found in inflammatory diseases and many types of cancer ([@b20-ijo-54-02-0431]-[@b22-ijo-54-02-0431]). Recent advances in the evaluation of protein glycosylation and cell malignancy have gained the attention of many researchers, with the aim to treat cancer or other diseases with alterations in cellular glycosylation ([@b23-ijo-54-02-0431]), and modifications in the glycan structures of proteins have been known to be an indicator of inflammation and carcinogenesis ([@b24-ijo-54-02-0431],[@b25-ijo-54-02-0431]). Alterations in N-linked oligosaccharides on tumor cell surfaces are associated with proliferative, migratory and invasive properties ([@b26-ijo-54-02-0431]). Particularly, the C-terminal domain of PTX3 at Asn-220 has been identified as a single N-linked glycosylation site that is completely occupied by complex oligosaccharides ([@b7-ijo-54-02-0431]), generally fucosylated and sialylated bi-antennary sugars with a minor fraction of tri- and tetra-antennary glycans. Interestingly, the relative contents of bi-, tri- and tetra-antennary glycans, and the level of sialylation have been shown to be highly variable among PTX3 isolated from different cellular sources, suggesting that the glyco-moiety of PTX3 is involved in a number of biological activities ([@b10-ijo-54-02-0431]). Based on three-dimensional models, PTX3 oligosaccharides interact with the polar and basic amino acids from the other proteins by surface (i.e., Arg332 and Glu252), typically through terminal residues of sialic acid ([@b8-ijo-54-02-0431]). These types of interactions are forfeited when sialic acid is removed, and protein sites that are potentially relevant to ligand recognition and/or modification of the PTX3 tertiary/quaternary structure become attainable. Therefore, modifications in glycosylation have been investigated as potential biomarkers for both chronic inflammatory processes and cancer, associated with disease severity in certain conditions ([@b23-ijo-54-02-0431]). These alterations in glycosylation are also known to regulate cell signaling and may contribute to disease pathogenesis.

Tunicamycin (TM) is used to inhibit N-linked oligosaccharide biosynthesis in cells ([@b27-ijo-54-02-0431]). Existing reports indicate that disruption of N-linked glycosylation inhibits downstream signaling pathways, suggesting that TM is an alternative therapeutic approach to reduce oncogenic signaling and drug resistance ([@b25-ijo-54-02-0431]). TM has been demonstrated to enhance the susceptibility of lung cancer cells to therapy, sensitize resistant cancer cells to chemotherapy and to potentiate Cis-induced cytotoxicity in human head and neck carcinoma ([@b28-ijo-54-02-0431]). TM has also been reported to decrease vascular endothelial growth factor (VEGF) expression in nude mice and to inhibit angiogenesis ([@b29-ijo-54-02-0431]). These findings indicate that the TM-induced disruption of N-linked glycosylation has a considerable advantage in targeting multiple glycoproteins and sensitizing cancer cells to anticancer therapeutics.

The current study was designed to assess the significance of PTX3 deglycosylation in the suppression of human lung cancer. We examined PTX3 expression levels, which were increased in human lung cancer tissues and cells, and dePTX3 suppressed lung cancer cell proliferation and migration. We also found that the dePTX3 by TM enhanced the sensitivity of lung cancer cells to Cis through AKT/NF-κB signaling pathway.

Materials and methods
=====================

Cell culture and human samples
------------------------------

Human lung cancer cell lines (A549 and H1299) were purchased from the American Type Culture Collection (ATCC) and SPCA1 cell line was purchased from the Cell Bank of Chinese Academy of Sciences (Shanghai, China). The cells were cultured in RPMI-1640 medium supplemented with 10% fetal bovine serum (FBS), 100 U/ml penicillin and 100 *µ*g/ml streptomycin (Gibco Life Technologies/Thermo Fisher Scientific, Inc., Waltham, MA, USA) at 37°C in humidified air containing 5% CO~2~. A total of 34 patients (28 males and 6 females) with third-grade lung cancer and 42 normal healthy patients (26 males and 16 females) with a mean age of 56 years were recruited (by lung biopsy or lobectomy) after obtaining informed consent. Lung tissues and serum samples were collected from January, 2015 to December, 2017. All lung cancer paraffin-embedded sections and lung cancer tissues were obtained at the First Affiliated Hospital of Dalian Medical University.

Reagents and antibodies
-----------------------

TM was purchased from Sigma-Aldrich (St. Louis, MO, USA) which was dissolved in DMSO. Cis and peptide N-glycosidase F (PNGase F) were purchased from Sigma-Aldrich. Cell Counting kit-8 (CCK-8) was obtained from Beyotime Biotechnology (Shanghai, China); recombinant human PTX3 (rhPTX3) (\#PROTP26022; Boster Biological Technology Co., Ltd., Fremont, CA); NF-κB inhibitor (IKK-16), PI3K inhibitor (GDC0941), MEK1/2 inhibitor, (MEK162) were purchased from Selleck Chemicals (Shanghai, China). Antibodies against p-p65 (\#3033), p65 (\#8242), p-IKK (\#2078) and IKK (\#2682) were from Cell Signaling Technology (Danvers, MA, USA); MMP-9 (\#10375) was from Proteintech (Wuhan, China); antibodies against AKT (\#AA326), p-AKT (T308) (\#AA331) were from Beyotime Biotechnology; PTX3 (\#13797-1-AP), poly (ADP-ribose) polymerase (PARP) (\#AF-1657), cleaved PARP (\#AF-1567), Bcl2 (\#12789-1-AP), Bax (\#50599-2-Ig), proliferating cell nuclear antigen (PCNA) (\#24036-1-AP), HRP-conjugated anti-rabbit and anti-mouse antibodies and GAPDH (\#10494-1-AP, \#60004-1-Ig) antibodies were from Proteintech; HRP-conjugated goat anti-rabbit secondary antibody (ZSGB-BIO, Beijing, China).

Coomassie brilliant blue (CBB) staining
---------------------------------------

The concentrated CBB R-250 (\#20278; Thermo Fisher Scientific, Inc.) solution \[5% (w/v)\] was prepared in distilled water and stirred for more than 1 h. The supernatant of the CBB solution, centrifuged at 7,000 × g for 5 min, was used to prepare the staining solution. The gels were soaked in the staining solution containing 0.1% (w/v) CBB R-250, 50% (v/v) methanol, and 10% (v/v) acetic acid at room temperature for 4 h. Subsequently, the CBB-stained gels were agitated in the de-staining solution containing 40% (v/v) methanol and 10% (v/v) acetic acid.

Immunohistochemistry
--------------------

The excised tumor tissues were fixed in 5% formalin for 24 h, embedded in paraffin and then sectioned (4 *µ*m thickness) in a standard manner. The sections were deparaffinized in xylene followed by a graded series of ethanol (100, 95, 85 and 70%), and rehydrated in phosphate-buffered solution, pH 7.5. The antibodies used for paraffin-embedded tissues were monoclonal rabbit anti-PTX3 antibody, (\#13797-1-AP; Proteintech). The primary antibodies were diluted (1:50) in PBS containing 3% bovine serum albumin (BSA). The sample slides were treated at 37°C for 30 min with blocking solution (8% goat serum in PBS with 3% BSA) before the primary antibody was applied. Endogenous peroxidase was blocked by incubation with 3% hydrogen peroxide. Endogenous avidin and biotin were blocked using the Avidin/Biotin Blocking kit (SP-9000; ZSGB-BIO). Overnight incubation with the primary antibody was followed by incubation with the respective biotinylated secondary antibody, followed by the ABC reagent for signal amplification. Between the incubation steps, the slides were washed in TBS. 3,3′-diami-nobenzidine (DAB kit; ZLI-9017; ZSGB-BIO) was used to develop the color. The slides were counter-stained with hematoxylin, mounted in Kaisers Glycerinegelatine (Merck, Germany), and covered with a coverslip. Dark yellowish brown stain indicated positive cells. Images of representative staining were captured using a microscope (BX51; Olympus, Tokyo, Japan).

Immunofluorescent staining and lectin fluorescent staining
----------------------------------------------------------

The cells were cultured on glass coverslips. Following 48 h of treatment with TM (0.5 *µ*g/ml) and Cis (20 *µ*M), the cells were fixed in 4% paraformaldehyde or cold acetone for 30 min, followed by blocking with 1% goat serum for 2 h. Coverslips were incubated with PTX3 antibody at 4°C overnight followed by incubation with TRITC-conjugated goat anti-rabbit IgG (1:50 dilution, \#6926-100; BioVision, Milpitas, CA, USA). For PHA lectin fluorescent staining, the samples were incubated with PHA (\#B-1115; Vector Laboratories) for 1 h. After washing, the samples were incubated with FITC-conjugated streptavidin for 45 min. Following incubation with DAPI for 10 min, coverslips were dropped with an anti-fade solution (Beyotime Biotechnology), and photographed under a fluorescent microscope (BX51; Olympus, Tokyo, Japan).

Reverse transcription-quantitative PCR (RT-qPCR)
------------------------------------------------

Total RNA was isolated from the lung cancer cells using TRIzol reagent (Takara, Dalian, China), and prepared for complementary DNA (cDNA) synthesis. RNA was reverse transcribed into cDNA using the Prime Script™ RT reagent kit (Takara, Tokyo, Japan). The SYBR-Green PCR Master Mix kit (Transgene, Shenzhen, China) was used according to the manufacturer's instructions. The conditions for qPCR were as follows: cycle 1: 95°C for 10 min; cycle 2 (×40): 95°C for 10 sec and 58°C for 45 sec. Specific primers were designed and prepared (Invitrogen/Thermo Fisher Scientific, Inc.): which included PTX3, 5′-CATCCAGTGAGACCAATGAG-3′ (forward) and 5′-GTAGCCGCCAGTTCACCATT-3′ (reverse); GAPDH, 5′-GCTGTGTGGCAAAGTCCAA-3′ (forward) and 5′-GGTCAGGCTCCTGGAAGATA-3′ (reverse). Quantitative PCR reactions were performed with the Applied Biosystems StepOne Real-time PCR system (Life Technologies, Carlsbad, CA, USA). The gene expression was normalized to the GAPDH level as an internal control, and calculated using the 2^−ΔΔCq^ method ([@b29-ijo-54-02-0431]). Data were presented from 3 independent experiments.

ELISA
-----

Human PTX3 ELISA kit (Boster Biological Technology Co., Ltd., Fremont, CA, USA) was used to measure the PTX3 level in human serum samples and cell culture supernatant according to the manufacturer's instructions. Sample concentrations were calculated from a standard curve generated by dilutions of a known amount of recombinant human PTX3 protein. Each standard or sample was assayed in duplicate. Three internal quality control serum samples or culture were tested in each assay to assess inter-assay precision.

Cell viability assay
--------------------

Cell viability was assessed by CCK-8 assay. Briefly, the cells were seeded in 96-well plate at a density of 1,000 cells/well and incubated at 37°C for 24 to 96 h; the CCK-8 solution, 10 *µ*l was added to each well, followed by incubation for 2 h. The absorbance value of each well was measured at 450 nm. Three wells were used in all experiments and repeated at least 3 times.

Wound healing assay
-------------------

Wound healing assay was performed following the drug treatment. In brief, the cells were cultured in a 6-well plate reaching at least 80% confluence. The cells were then incubated at 37°C for 0-48 h in the culture medium containing TM (0.5 *µ*g/ml), Cis (20 *µ*M), dePTX3. Cell migration was observed using a light microscope and quantified by the relative wound healing width as the distance of the cells migrated across the injury line at 0 and 48 h.

Transwell migration and invasion assay
--------------------------------------

For cell migration assay, transwell inserts (Corning Costar, Cambridge, MA, USA) containing polycarbonate filters with 8 *µ*m pores were not precoated with Matrigel matrix. For cell invasion assay, the inserts were precoated with Matrigel matrix. 1×10^5^ A549 and SPCA1 cells in 200 *µ*l of serum-free RPMI-1640 were added to the upper chamber, and the medium with 10% FBS was added to the lower chamber. Following 16 h of incubation, the cells on the lower surface of the filter were fixed, stained and examined under an inverted microscope (Leica Microsystems, Wetzlar, Germany). The number of migrated and invaded cells in 5 random fields (magnification, ×100) from triplicate filters was counted, and representative images and statistical analysis were shown.

Colony formation assay
----------------------

Cells were plated in 6-well plate at 250 cells per well. Following incubation at 37°C for 15 days, the cells were washed twice with PBS and stained with Giemsa (BDH Chemicals Ltd., Poole, UK) solution for 5 min. After 3 times of rinsing in sterile water, the number of colonies containing ≥50 cells was counted under an inverted microsrope.

Deglycosylation treatment
-------------------------

The A549 and SPCA1 cells were used to determine the role of PTX3 glycosylation in lung cancer growth. PTX3 was deglycosylated by mixing rhPTX3 (100 ng/ml) with PNGase F (500 U/ml) for 2 h at 37°C. Subsequently, the cells were treated with dePTX3 and various concentrations of TM as indicated in [Fig. 2](#f2-ijo-54-02-0431){ref-type="fig"}.

Plasmid construction and site-directed mutagenesis
--------------------------------------------------

A plasmid pcDNA3.1-PTX3 containing the human full-length PTX3 cDNA (GenBank accession no. NM_002852.3) was used to produce the PTX3 N-glycan site mutant. The mutated plasmid (mPTX3) was constructed by replacement of asparagine 220 (Asn-220) to glutamine according to the manufacturer's instructions (GenePharma, Shanghai, China). The mutation was further confirmed by DNA sequencing. The cancer cells were transfected with mPTX3 by using Lipofectamine 2000 (Invitrogen/Thermo Fisher Scientific, Inc.).

Western blot analysis
---------------------

The cells were washed with PBS (pH 7.4), and incubated with 2× concentrated electrophoresis sample buffer (125 mM Tris-HCl, pH 6.8, 5% glycerol, 2% SDS, 1% β-mercaptoethanol) for 30 min on ice. Protein concentration was determined with Coomassie protein assay reagent using bovine serum albumin as a standard. Total protein from the whole cell lysates was separated by 12% SDS-PAGE gel, and transferred electrophoretically onto PVDF membranes, incubated with TBST (50 mM Tris HCl, pH 7.5, 0.15 M NaCl, 0.1% Tween-20) containing 5% fat-free dry milk for 2 h, followed by overnight incubation with the appropriate primary antibodies at the dilutions recommended by the suppliers at 4°C. Following incubation with an HRP-conjugated appropriate secondary antibody, the enhanced electrochemical luminescence (ECL) detection system (Bio-Rad Laboratories, Hercules, CA, USA) was used to visualize immunoreactive bands. The primary antibodies to PTX3 (rabbit antibody, 1:200), MMP-9 (rabbit antibody, 1:200), AKT, p-AKT (T308), p65, p-p65, Bcl2, Bax, cleaved PARP, IKK, p-IKK and GAPDH (rabbit antibodies, 1:1,000) were used. The amount of each protein was determined by the intensity of the band. To verify equal protein loading, the GAPDH level in each lane was examined with the anti-GAPDH antibody. Bands were semi-quantified with Image software.

Analysis of cell apoptosis by flow cytometry
--------------------------------------------

The A549 and SPCA1 cells were cultivated in a 6-well plate at a concentration of 2×10^5^ cells/well and then incubated at 37°C with TM (0.5 *µ*g/ml) or Cis (20 *µ*M) alone or in combination for 24 h. Untreated cells were used as a negative control. The cells were washed with PBS twice and followed by trypsinization. The cells were stained with Annexin V-FITC/propidium iodide (PI) apoptosis detection kit (Nanjing KeyGen Biotech Co., Ltd., Nanjing, China) as per the manufacturer's recommendations. The fluorescence intensity of the samples was determined by flow cytometry. The number of apoptotic cells in each treatment was detected by flow cytometric analysis (BD Acuri™ C6; BD Biosciences, San Jose, CA, USA). The data were presented as the total number of apoptotic cells in each treatment. The whole experiment was carried out in triplicate and the error bars were calculated from the independently repeated experiments.

Statistical analysis
--------------------

The experiments were repeated at least 3 times, and the results were expressed as the means ± SEM. Data were analyzed using the Student's t-test and an analysis of variance (one-way ANOVA) test followed by a Tukey's post hoc test were applied to determine the significant differences between groups. A P-value \<0.05 was considered as statistically significant. The statistical analysis was performed using GraphPad-Prism 6 software (GraphPad-Prism Software Inc., San Diego, CA, USA).

Results
=======

PTX3 expression in human lung cancer samples and cell lines
-----------------------------------------------------------

PTX3 expression was detected in human lung cancer tissues and serum. Immunohistochemical staining of PTX3 protein revealed a significant difference between the lung cancer tissues and normal tissues. Positive PTX3 staining was observed in 24 of 34 (70.59%) lung cancer tissues compared with the normal tissues in 8 out of 42 (19.04%). Represented images were shown in [Fig. 1A](#f1-ijo-54-02-0431){ref-type="fig"}. PTX3 level detected by ELISA in the serum of patients with lung cancer (12.01±0.85) was higher than that in the normal controls (5.57±0.51) ([Fig. 1B](#f1-ijo-54-02-0431){ref-type="fig"}). PTX3 in the supernatant (suPTX3) was also detected by ELISA in 3 types of lung cancer cells (A549, SPCA1 and H1299) ([Fig. 1C](#f1-ijo-54-02-0431){ref-type="fig"}). Comparatively, the expression of PTX3 was found in A549, SPCA1 and H1299 cells examined by immunofluorescent staining, RT-qPCR and western blot analysis ([Fig. 1D-F](#f1-ijo-54-02-0431){ref-type="fig"}). These results suggest that the PTX3 expression level is high in human lung cancer tissues, and PTX3 can be generated by lung cancer cells.

dePTX3 suppresses the growth and migration of human lung cancer cells
---------------------------------------------------------------------

The A549 and SPCA1 cells were used to determine the role of PTX3 glycosylation in lung cancer growth. The glycosylated rhPTX3 was deglycosylated by incubation with PNGase F (500 U/ml), an enzyme that cleaves Asn-linked high mannose, as well as hybrid and complex oligosaccharides for 2 h at 37°C. Lung cancer cells were treated with rhPTX3 (100 ng/ml) or dePTX3, respectively. The results of CCK-8 assay revealed that cell viability was significantly inhibited following treatment with dePTX3, while increased in response to rhPTX3 treatment in both A549 and SPCA1 cells. Differences in viability between the rhPTX3- and dePTX3-treated cells were more significant after 48 and 72 h incubation ([Fig. 2A](#f2-ijo-54-02-0431){ref-type="fig"}). We found that treatment with 0.5 or 1 *µ*g/ml TM significantly inhibited the viability of A549 and SPCA1 cells in comparison with the untreated control ([Fig. 2B](#f2-ijo-54-02-0431){ref-type="fig"}). PHA is a lectin which can recognize and bind with the N-glycans of glycoproteins. We further investigated the binding of FITC-conjugated PHA to evaluate changes in N-deglycosylation in response to TM. The A549 and SPCA1 cells treated with TM exhibited decreased PHA-L binding compared to the untreated cells, as well as a lower level of N-glycan PTX3 ([Fig. 2C](#f2-ijo-54-02-0431){ref-type="fig"}). A 12% SDS-PAGE gel stained with CBB revealed that both the untreated cells and cells treated with TM or PNGase F enzyme had comparable loading of proteins in each lane, and the lectin blot showed that the untreated cells had stronger N-glycan bands than the cells treated with TM (0.5 *µ*g/ml) for 48 h and PNGase F enzyme (500 U/ml) for 2 h ([Fig. 2D](#f2-ijo-54-02-0431){ref-type="fig"}). Treatment of the lung cancer cells with TM or rhPTX3 + PNGase F incubation resulted in a decrease in the apparent molecular mass of PTX3 approximately 4 kDa, from 45 to 41 kDa ([Fig. 2E](#f2-ijo-54-02-0431){ref-type="fig"}) (lane 1, glycosylated PTX3; lane 2, dePTX3 by TM; lane 3, dePTX3 by PNGase F). Moreover, the results of wound healing and migration assays indicated that rhPTX3 treatment significantly increased the migratory ability of A549 and SPCA1 cells compared with the cells treated with dePTX3 or TM (0.5 *µ*g/ml) after 48 h ([Fig. 2F and G](#f2-ijo-54-02-0431){ref-type="fig"}). These results suggest that PTX3 deglycosylation inhibits lung cancer cell growth and migration.

PTX3 deglycosylation enhances the sensitivity of lung cancer cells to cisplatin treatment
-----------------------------------------------------------------------------------------

The results of ELISA revealed that suPTX3 level was significantly higher in the supernatant medium of Cis-treated A549 and SPCA1 cells than that in the control ([Fig. 3A](#f3-ijo-54-02-0431){ref-type="fig"}). The immunofluorescent staining of PTX3 expression confirmed that the Cis-treated A549 and SPCA1 cells exhibited an increased expression of PTX3 compared to the untreated cells. DAPI was used to stain the nuclei, as shown in [Fig. 3B](#f3-ijo-54-02-0431){ref-type="fig"}. We further examined the effects of PTX3 deglycosylation on the sensitivity of lung cancer cells to Cis. Lung cancer cells were treated with Cis alone or in combination with dePTX3. Cell viability was assessed by CCK-8 assay, which revealed that Cis suppressed the viability of A549 and SPCA1 cells. However, following combined treatment with dePTX3 and Cis, dePTX3 was found to significantly enhance the suppressive effects of Cis on the viability of both cell lines, as shown in [Fig. 3C](#f3-ijo-54-02-0431){ref-type="fig"}. Western blot analysis of PCNA expression confirmed the increased anti-proliferative effects of Cis following combined treatment with dePTX3 in both A549 and SPCA1 ([Fig. 3D](#f3-ijo-54-02-0431){ref-type="fig"}). We also examined cell signaling pathway-related proteins, specifically AKT phosphorylation following treatment with Cis or combined treatment with dePTX3. Combined treatment with Cis and dePTX3 for 48 h suppressed AKT phosphorylation compared to Cis treatment alone, as shown in [Fig. 3D](#f3-ijo-54-02-0431){ref-type="fig"}. These results suggest that dePTX3 enhances the sensitivity of lung cancer cells to Cis. We also sought to determine whether mPTX3 enhanced the antitumor effects of Cis through an AKT-dependent pathway. First, we examined the efficiency of the mutated PTX3 by western blot analysis, which indicated a successful PTX3 mutation ([Fig. 3E](#f3-ijo-54-02-0431){ref-type="fig"}). As expected, combined treatment with dePTX3 and Cis decreased PCNA expression and consistent results were observed following the use of Cis and mPTX3 ([Fig. 3F](#f3-ijo-54-02-0431){ref-type="fig"}), and mPTX3 enhanced the antitumor effects of Cis on the A549 and SPCA1 cells. This finding led us to examine the role of PTX3 glycosylation in lung cancer progression.

TM enhances the suppressive effects of cisplatin in lung cancer cells
---------------------------------------------------------------------

We used TM to enhance Cis drug sensitivity, demonstrating the suppression of lung cancer growth and metastasis. The results of CCK-8 assay revealed that combined treatment with TM and Cis significantly suppressed the viability of both A549 and SPCA1 cells in a time-dependent manner. Combined treatment inhibited cell growth 2.0 fold in A549 cells and 2.5-fold in SPCA1 cells compared with no treatment cells ([Fig. 4A](#f4-ijo-54-02-0431){ref-type="fig"}). The results of colony formation assay were consistent with CCK-8 assay, demonstrated a significant decrease in cell viability in both cell lines following combined treatment. Colony formation was reduced by 25 and 50% in A549 cells and by 45 and 70% in SPCA1 cells treated with Cis alone or TM + Cis ([Fig. 4B](#f4-ijo-54-02-0431){ref-type="fig"}). These results suggest that TM potently enhanced the anti-proliferative effects of Cis on lung cancer cells. Wound healing assay revealed that combined treatment significantly decreased cell migration compared to no treatment or individual TM or Cis treatment after 48 h ([Fig. 4C](#f4-ijo-54-02-0431){ref-type="fig"}). These results were consistent with that of transwell migration and Matrigel invasion assay of A549 and SPCA1 cells, which indicated that combined treatment inhibited the invasion of the A549 and SPCA1 cells more significantly than no treatment or treatment with TM or Cis alone ([Fig. 4D and E](#f4-ijo-54-02-0431){ref-type="fig"}). Western blot analysis of the proliferative marker, PCNA, also confirmed the anti-proliferative activity in the A549 and SPCA1 cells following combined treatment, with a decrease in PCNA expression compared to the expression in the individually treated or untreated cells. Furthermore, cells treated with the combined treatment expressed lower level of MMP-9 than the untreated cells ([Fig. 4F](#f4-ijo-54-02-0431){ref-type="fig"}). The data indicate that TM enhances the chemosensitivity of lung cancer cells by inhibiting proliferation and metastasis.

TM the sensitivity of lung cancer cells to cisplatin-induced apoptosis through deactivating AKT/NF-κB signaling pathway
-----------------------------------------------------------------------------------------------------------------------

We probed downstream signaling pathways of PTX3 using the inhibitors, including GDC0941 (an inhibitor of AKT phosphorylation), MEK162 (an inhibitor of MEK1/2) and IKK-16 (an inhibitor of NF-κB phosphorylation). The results of CCK-8 assay revealed that treatment with rhPTX3 and the inhibitors targeting AKT/NF-κB pathway led to an enhanced inhibition of the viability and proliferation of A549 and SPCA1 cells compared to the cells treated with rhPTX3 alone ([Fig. 5A](#f5-ijo-54-02-0431){ref-type="fig"}). The cells were treated with IKK-16 to determine whether NF-κB was associated with the PTX3-mediated regulation of Bcl2. The results indicated that treatment with IKK-16 inhibited the PTX3-mediated upregulation of Bcl2 expression in both A549 and SPCA1 cells ([Fig. 5B](#f5-ijo-54-02-0431){ref-type="fig"}). Taken together, the evidence suggest that lung cancer cell survival is positively regulated by PTX3, likely through AKT/NF-κB pathway and Bcl2 upregulation. We then sought to determine whether TM enhanced the anticancer effects of Cis through AKT/NF-κB-dependent pathway. Western blot analysis of cytoplasmic protein extracts revealed that combined treatment with TM and Cis decreased AKT and IKK phosphorylation more significantly than TM or Cis drug treatment alone. Likewise, in nuclear protein extracts, the phosphorylation of p-p65 in the A549 and SPCA1 cells was decreased following treatment ([Fig. 5C](#f5-ijo-54-02-0431){ref-type="fig"}). An Annexin V FITC/PI apoptosis detection kit was used. The A549 and SPCA1 cells were treated with TM, Cis or in combination for 24 h, and the results of flow cytometry revealed that the percentage of total apoptotic cells was increased significantly than treatment with TM or Cis alone ([Fig. 5D](#f5-ijo-54-02-0431){ref-type="fig"}). Treatment with TM alone led to an average of 20.3 and 30.5% total apoptotic A549 and SPCA1 cells, respectively; Cis treatment alone led to an average of 58.4 and 59.2% total apoptotic A549 and SPCA1 cells, respectively; combined treatment with TM and Cis significantly increased the percentage of apoptotic A549 and SPCA1 cells. The total apoptotic A549 and SPCA1 cells were 80.3 and 73.2%, respectively. These findings confirm that apoptosis is the predominant pattern of cell death induced by combined treatment. We also found that combined treatment with TM and Cis significantly increased the expression level of apoptotic markers, including Bax and cleaved PARP, and simultaneously decreased the expression of Bcl2, compared with treatment with TM or Cis alone in both A549 and SPCA1 cells ([Fig. 5E](#f5-ijo-54-02-0431){ref-type="fig"}). These results suggest that the deglycosylation of PTX3 by TM in lung cancer cells treated with Cis inhibits the activation of AKT/NF-κB signaling pathway, promoting the apoptosis of lung cancer cells.

Discussion
==========

PTX3 is a potential marker of inflammation to detect lung cancer. Recent studies have indicated a significant association between serum PTX3 and cancer malignancy. A proteomics-based study provided evidence that elevated level of PTX3 in lung cancer patients as compared to healthy control by ELISA ([@b30-ijo-54-02-0431]). The increased PTX3 was also found in the serum of liposarcoma, pancreatic and breast cancer ([@b13-ijo-54-02-0431],[@b16-ijo-54-02-0431],[@b31-ijo-54-02-0431]). Locatelli *et al* reported that PTX3 in glioma was significantly correlated with tumor grade and severity assessed by immunohistochemical staining ([@b12-ijo-54-02-0431]). In the current study, the elevated PTX3 level was detected in both human lung cancer serum and tissue by ELISA and immunohistochemical staining. The consistent alterations of PTX3 in serum and tissue of the cancer patients indicated that serum PTX3 could represent the tissue pathogenesis. Moreover, tumorigenesis has been considered as a chronic inflammatory process, and the early release of inflammatory protein PTX3 may be predisposed to the development of cancer. Therefore, the detection of serum PTX3 can be applied as an early marker for cancer diagnosis. Based on the facts in other labs and our results that PTX level is linked to the growth, migration and invasion capability, the inhibition of PTX3 may be a treatment target for lung cancer.

Glycans alter protein structure and conformation and as a result, modulate the functional activities of the glycoprotein ([@b32-ijo-54-02-0431]). Changes in cellular glycosylation have recently been acknowledged as a key component of cancer progression. Alterations in the glycosylation of extracellular proteins do not only have a direct impact on cell growth and survival, but also facilitate tumor-induced immunomodulation, and hence metastasis ([@b33-ijo-54-02-0431]). It has been demonstrated that N-linked deglycosylation inhibits the growth of several types of cancer cells ([@b25-ijo-54-02-0431]). Oncogenic roles for N-glycans on the cancer cell surface have been described in breast cancer, colon cancer, prostate cancer, lung cancer, hepatocellular carcinoma and gastric cancer ([@b15-ijo-54-02-0431],[@b34-ijo-54-02-0431]-[@b39-ijo-54-02-0431]). Human PTX3 contains a single N-glycosylation site that is fully occupied by complex oligosaccharides ([@b7-ijo-54-02-0431]). The glycosylation of PTX3 has been suggested to modulate PTX3 function during inflammation and tumor development. Chi *et al* reported that the glycosylation of PTX3 at Asn-220 was critical for its pro-tumor involvement ([@b18-ijo-54-02-0431]). Our results demonstrated that tunicamycin (TM), which blocked N-glycan precursor biosynthesis, enhanced the suppressive effects of Cis on lung cancer cell proliferation and migration. TM and dePTX3 also increased the suppressive effects of Cis on lung cancer cell growth, migration and invasion compared to treatment with the individual drugs. The inhibition of N-linked glycosylation biosynthetic pathways may provide a novel diagnostic and therapeutic target for cancer growth.

Cis is widely used as a chemotherapeutic drug in a number of cancer treatments, and limited by acquired or intrinsic resistance of cells to the drug ([@b40-ijo-54-02-0431],[@b41-ijo-54-02-0431]). Poor sensitivity to Cis is based on several mechanisms, including diminished intracellular drug accumulation due to drug efflux or metabolic inactivation, the inhibition of apoptosis, and improved DNA damage repair in cancer cells ([@b42-ijo-54-02-0431]). The elevated expression of cell surface N-linked glycosylation has been reported to be associated with drug resistance, and the inhibition of N-linked glycosylation in breast cancer results in an elevated sensitivity to doxorubicin ([@b43-ijo-54-02-0431]-[@b45-ijo-54-02-0431]). It has also been found that the TM-induced inhibition of N-linked glycosylation enhances the susceptibility of the multidrug-resistant ovarian cancer cells, to vincristine, doxorubicin, and Cis ([@b46-ijo-54-02-0431]). The increased apoptosis of breast cancer cells has been reported following combined treatment with Herceptin and TM ([@b45-ijo-54-02-0431]). Similarly, an enhanced sensitivity to Cis has been reported in head and neck cancer following TM treatment ([@b47-ijo-54-02-0431]). In this study, we found that Cis treatment increased the expression of PTX3 in lung cancer cells, which was associated with a reduced potency of its anticancer effects on lung cancer. However, the deglycosylation of PTX3 by TM in lung cancer cells functions synergistically with Cis. This study demonstrates that alterations in PTX3 glycosylation lead to a recovery of Cis chemosensitivity with respect to the suppression of lung cancer growth and migration. To date there are limited studies available on the role of dePTX3 in cancer therapy; this warrants further investigation to elucidate the mechanisms through PTX3 glycosylation in cancer cells that is associated with a chemosensitivity to treatment.

In this study, we found that combined treatment with TM and Cis inhibited the survival and growth of lung cancer cells, indicating that PTX3 deglycosylation decreased the resistance of cancer cells to chemotherapeutic drugs. We further confirmed that the deglycosylation of PTX3 inactivated AKT/NF-κB signaling pathway. These results reveal that the induction of PTX3 deglycosylation by TM inhibited AKT/NF-κB pathway and contributed to prevent NF-κB-associated tumor metastasis. In lung cancer, the inhibition of NF-κB nuclear translocation also enhances apoptosis ([@b48-ijo-54-02-0431]). The findings of this study were consistent with those of the previous studies. TM and Cis treatment reduced AKT activation and inhibited NF-κB phosphorylation, leading to the induction of apoptosis and decreasing lung cancer cell growth, which resulted in the reduction of the distinct survival pathways, AKT/NF-κB. These results suggest that PTX3 secretion may be detrimental to the chemotherapeutic efficacy of Cis in lung cancer treatment; however, dePTX3 augments the efficacy of Cis by inhibiting the activation of AKT/NF-κB in lung cancer.

In conclusion, the findings of this study suggest that the deglycosylation of PTX3 by TM significantly sensitizes lung cancer cells to Cis, and impairs cell growth and metastasis. Our preliminary results also suggest that the manipulation of N-linked glycosylation of PTX3 by TM in tumor cells may prove to be a useful therapeutic strategy for successful chemotherapy in combination with Cis against lung cancer or other solid cancers.
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PTX3

:   pentraxin-3

dePTX3

:   deglycosylated PTX3

PNGase F

:   peptide N-glycosidase F

rhPTX3

:   recombinant human pentraxin-3

TM

:   tunicamycin

Cis

:   cisplatin

![PTX3 expression in human lung cancer samples and cell lines. (A) Immunohistochemical staining of PTX3 in paired human lung cancer tissue (P1, P2, P3) and normal lung tissue (N1, N2, N3) of the same patient (magnification, ×10). (B) PTX3 level in serum from lung cancer patients and normal healthy individuals by ELISA; ^\*^P\<0.05. (C) PTX3 level in the supernatant collected from A549, SPCA1 and H1299 cells was examined by ELISA. (D) Immunofluorescent staining of PTX3 protein (red color) in A549, SPCA1 and H1299 lung cancer cells. DAPI (blue color) was used to stain the nuclei. (E) mRNA expression level of PTX3 detected by qPCR in A549, SPCA1 and H1299 cells. (F) PTX3 expression level in A549, SPCA1 and H1299 cells detected by western blot analysis. GAPDH was used as an internal control.](IJO-54-02-0431-g00){#f1-ijo-54-02-0431}

![dePTX3 suppresses the growth and migration of human lung cancer cells. (A) CCK-8 assay was used to analyze the viability of A549 and SPCA1 cells. Cells were treated with or without rhPTX3 (100 ng/ml) or dePTX3 (rhPTX3; 100 ng/ml + PNGase F; 500 U/ml) for 0-72 h. Data were presented as a percentage of viable cells. (B) Lung cancer cells treated with TM (0.01, 0.05, 0.5 and 1 *µ*g/ml) for 48 h. (C) Immunofluorescent staining of PTX3 (red color) and N-glycan levels (green color) in A549 and SPCA1 cells analyzed following treatment with TM (0.5 *µ*g/ml) for 48 h. (D) SDS-PAGE gel (12%) stained with CBB and lectinblot against PHA to analyze N-glycans in lung cancer cells following treatment with TM for 48 h and PNGase F (500 U/ml) for 2 h of incubation. (E) Western blot analysis of dePTX3 in A549 and SPCA1 cells following treatment with TM or rhPTX3 + PNGase F. The lanes are labeled as follows: lane 1, glycosylated PTX3; lane 2, deglycosylated PTX3 by TM; lane 3, deglycosylated PTX3 by PNGase F. (F) Representative images of wound healing of A549 and SPCA1 cells analyzed after treatment with rhPTX3, dePTX3 and TM (0.5 *µ*g/ml), followed by measurement of relative wound width (48 h average wound width divided by 0 h wound width). (G) Microscopic images and graphs of transwell migration assay of A549 and SPCA1 cells following treatment with rhPTX3, dePTX3 and TM. Bar graph values represent the means ± SEM of 3 independent experiments. ^\*^P\<0.05 and ^\*\*^P\<0.01.](IJO-54-02-0431-g01){#f2-ijo-54-02-0431}

![PTX3 deglycosylation enhances the sensitivity of lung cancer cells to Cisplatin treatment. (A) suPTX3 level was detected by ELISA in the supernatant of A549 and SPCA1 cells following treatment with Cis (20 *µ*M) for 48 h. (B) Immunofluorescent staining of PTX3 (red color) in A549 and SPCA1 cells following treatment with Cis for 48 h. DAPI (blue color) was used to stain the nuclei. (C) Bar graph of A549 and SPCA1 cell viability analyzed following treatment with Cis and deglycosylated PTX3 (dePTX3). Each bar represents the average of 3 independent experiments. Data are expressed as a percentage of viable cells. (D) Western blot analysis of PCNA and AKT phosphorylation following treatment with Cis or dePTX3, and combined treatment for 48 h. (E) Western blot analysis for PTX3 expression in the cell lysate from control, mock and mutated PTX3 (mPTX3) in A549 and SPCA1 cells. (F) Western blot analysis of Cis, mPTX3 or Cis combined with mPTX3 and combined treatment for 48 h. The level of PCNA expression and AKT phosphorylation were examined by western blot analysis. GAPDH was used as an internal control. ^\*^P\<0.05 and ^\*\*^P\<0.01.](IJO-54-02-0431-g02){#f3-ijo-54-02-0431}

![TM enhances the suppressive effects of cisplatin in lung cancer cells. (A) CCK-8 assay was used to examine the viability of A549 and SPCA1 cells treated with TM, Cis or in combination for 0-72 h. Data were expressed as a percentage of viable cells. (B) Representative images of A549 and SPCA1 cell colonies following treatment with TM, Cis. (C) Images representation of wound healing of A549 and SPCA1 cells analyzed following treatment with TM or Cis alone or in combination, graphs were the measurement of relative wound width (48 h average wound width divided by 0 h wound width). (D) Images and graphs of transwell assay of A549 and SPCA1 cells following treatment with TM, Cis alone or in combination. (E) Invasion ability of A549 and SPCA1 cells following treatment with TM, Cis alone or in combination for 15 h. Bar graph values represented the number of invaded cells from ten different field. (F) Western blot analysis of PCNA and MMP-9 expression following treatment with TM, Cis alone or in combination. GAPDH was used as an internal control. Data was shown as the mean values ± SEM. ^\*^P\<0.05 and ^\*\*^P\<0.01.](IJO-54-02-0431-g03){#f4-ijo-54-02-0431}

![TM increases the sensitivity of lung cancer cells to cisplatin-induced apoptosis through deactivating AKT/NF-κB signaling pathway. (A) CCK-8 assay used to analyze the viability of A549 and SPCA1 cells treated with GDC0941 (4 *µ*M), IKK-16 (10 *µ*M), MEK162 (20 *µ*M) or rhPTX3 (100 ng/ml) for 48 h. (B) Western blot analysis of Bcl2 expression in A549 and SPCA1 cells, incubated with rhPTX3 (100 ng/ml) with or without NF-κB inhibitor IKK-16 (10 *µ*M). (C) A549 and SPCA1 cells were treated with TM (0.5 *µ*g/ml) + Cis (20 *µ*M) together or in combination. Western blot analysis of AKT, IKK, p65 phosphorylation in cytoplasmic and nuclear extracts of A549 and SPCA1 cells treated with TM, Cis or in combination. PARP was used as an internal control. (D) A549 and SPCA1 cells were double-stained with Annexin V-FITC/PI and analyzed by flow cytometry after 24 h of treatment with TM (0.5 *µ*g/ml), Cis (20 *µ*M) or combined treatment. The histogram showed the average percentage of total apoptotic cells in both A549 and SPCA1 cells. (E) Bcl2, Bax and cleaved PARP expression detected by western blot analysis following treatment with TM, Cis or in combination for 48 h. GAPDH was used as an internal control. Data represented the mean values ± SEM. ^\*^P\<0.05 and ^\*\*^P\<0.01.](IJO-54-02-0431-g04){#f5-ijo-54-02-0431}
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